A flexible system for determining the quality of agricultural products based on characteristics such as, for example, mass, shape, hardness, size, color and surface texture is disclosed herein. The quality determination apparatus includes a feeder assembly for sequentially dropping individual product samples upon an impact transducer arrangement. The impact transducer generates transducer signals indicative of the physical characteristics of each product sample. In addition, an imaging device operates to synthesize a digital image representation of each product sample. The transducer signal and digital image representation corresponding to each product are analyzed so as to determine the appropriate degree of quality to be associated therewith. [57] ABSTRACT A ?exible system for determining the quality of agricul tural products based on characteristics such as, for ex ample, mass, shape, hardness, size, color and surface texture is disclosed herein. The quality determination apparatus includes a feeder assembly for sequentially dropping individual product samples upon an impact transducer arrangement. The impact transducer gener ates transducer signals indicative of the physical charac teristics of each product sample. In addition, an imaging device operates to synthesize a digital image representa tion of each product sample. The transducer signal and digital image representation corresponding to each product are analyzed so as to determine the appropriate degree of quality to be associated therewith. 
[57] ABSTRACT A ?exible system for determining the quality of agricul tural products based on characteristics such as, for ex ample, mass, shape, hardness, size, color and surface texture is disclosed herein. The quality determination apparatus includes a feeder assembly for sequentially dropping individual product samples upon an impact transducer arrangement. The impact transducer gener ates transducer signals indicative of the physical charac teristics of each product sample. In addition, an imaging device operates to synthesize a digital image representa tion of each product sample. The transducer signal and digital image representation corresponding to each product are analyzed so as to determine the appropriate degree of quality to be associated therewith. May a, 1994 Sheet 6 of 13 5,309,374 The present invention relates generally to quality control of agricultural products, and particularly to quality control techniques involving acoustical and video signal processing.
BACKGROUND OF THE INVENTION
Interest in using image processing to aid in quality control and grading for a variety of agricultural prod ucts has recently become a subject of considerable re search. In particular, efforts have been made to use computer-assisted imaging techniques to facilitate rec ognition of defective agricultural products. Computer imaging systems generally include a color video camera connected to a frame grabber. The frame grabber digi tizes the image provided by the camera and relays the image information to a computer. Analysis of the digital image information may then be performed using a vari ety of techniques. In particular, the potential has been shown to discriminate between crop seeds and certain common contaminants based on image parameters such as area, perimeter, aspect ratio, shape factor, and the like. Other applications have involved classi?cation of diploid and tetraploid ryegrass seeds, and orientation determination of vegetables using grey-level intensity gradients and syntactic pattern recognition techniques. The image processing sequence is initiated by determin ing an outline of the soybean under analysis by search ing for contrasts between the portions of the image corresponding to the background and to the soybean itself. A routine is then used to fit an ellipse to the out line, since acceptably healthy soybeans were found to be generally elliptical in shape. While capable of suc cessfully discriminating between soybeans having vary ing degrees of quality, it is believed that the ef?ciency of the machine vision system described above could be improved by modi?cation of particular aspects of the disclosed image processing sequence.
Concurrent with the development of the image pro cessing techniques described above, efforts have been made to develop acoustical methods of analysis based on the transmittance, absorption or re?ection of sound waves by agricultural products. These techniques are based on the realization that even minor changes in the structure or health of a product will result in variation of its acoustic properties. Such variations can be quanti tatively evaluated by analyzing the frequency compo nents of the sound wave. Frequency data is generally processed using analytic procedures such as the Fast Fourier Transform (FFT), which can be performed to identify the ways in which selected frequencies are 2 absorbed, transmitted or re?ected by the product being investigated. These frequency response characteristics can be correlated with various physical properties of the product related to quality.
In the particular case of the analysis of soybeans. at least two types of acoustical methods have been investi gated (see, e.g., Misra, et a1., Acoustic Properties ofSoy beans, Transaction of the American Society of Agricul tural Engineers, 33(2):67l-677). In a ?rst, or "acoustic transmission" technique, a soybean kernel is placed between input and receiving transducers where the former introduces an acoustic impulse to the kernel and the latter records the wave transmitted through the kernel. Both waves, the input and the transmitted, can be digitally recorded and analyzed by a Fast Fourier Transform. The two spectra can then be compared, usually by dividing the transmitted wave by the input wave to identify frequencies that are preferentially ab sorbed by the kernel so as to provide an indication of kernel quality. Speci?cally, quality may be determined by analyzing the differences in the absorption spectra of a "good" or reference soybean and the soybean under scrutiny. Unfortunately, the acoustic transmission spec tra of an ideal soybean has been found to be dif?cult to describe mathematically. Accordingly, correlation be tween the transmission spectra and size or mass of the soybean has not been possible, thus precluding effective quality determination. Moreover, the placement of each soybean between the transducers has been found to be a relatively slow process.
A second, or "impact-force" method of acoustical characterization of soybeans involves dropping soy beans through a guide tube coupled to a piezoelectric force transducer. An impact signal generated by the transducer is routed to a digitizer and then to a com puter. A computer program then operates to derive the frequency spectra of the impact signal by using an FFT algorithm. As in the acoustic transmission technique, correlation of the frequency spectra of the impact signal with a set of quality parameters requires the spectra to be mathematically described. Such a description could be effectuated through, for example, polynomial ap_ proximations, sine functions, or simple Bessel functions. Although the impact-force method has been shown to allow for faster determination of soybean quality, the frequency-domain procedure outlined above is rela tively computationally intensive. That is, the procedure requires an initial FFT conversion of the impact signal into the frequency domain and a subsequent parameter ization of the spectral characteristics so obtained. It is thus believed that a time-domain method for analyzing the transducer signal produced by an impact-force ap paratus would allow for a more rapid determination of the quality of an agricultural product being investi gated.
While image processing and acoustical techniques have each been of separate assistance in determining the quality of agricultural products, a system incorporating both of these methodologies would allow for increased flexibility with respect to the criterion used for quality determination. For example, such an integrated system would allow a user to specify that a set of product char acteristics derived from both the acoustical and video reals constitute the basis for acceptable quality.
OBJECTS OF THE INVENTION
It is an object of the present invention to provide a system for determining the quality of agricultural prod 5,309,374 3 ucts in which is incorporated both image processing and acoustical techniques.
It is a further object of the present invention to pro vide such a quality determination system adapted to analyze agricultural products such as soybeans and the like.
SUMMARY OF THE INVENTION
The present invention addresses the need for a ?exi ble system for determining the quality of agricultural products based on characteristics such as, for example, mass, hardness, shape, color and surface texture. The inventive quality determination apparatus includes a feeder assembly for sequentially dropping individual product samples upon an impact transducer arrange ment. The impact transducer generates transducer sig nals indicative of particular physical characteristics of each product sample. In addition, an imaging device operates to synthesize a digital image representation of each product sample. The transducer signal and digital image representation corresponding to each product are then analyzed so as to determine the appropriate degree of quality to be associated therewith.
BRIEF DESCRIPTION OF THE DRAWINGS Additional objects and features of the invention will be more readily apparent from the following detailed description and appended claims when taken in con junction with the drawings, in which: The quality determination system 10 is enclosed within a housing 20 and includes a drop tube feeder apparatus 30, a video imaging device 40, and a quality control rejection device 50. As is described in detail below, the soybeans or other agricultural products to be analyzed are loaded into a sample container 60 included within the feeder apparatus 30. A rotating disk (not shown in FIGS. 1A and 1B) within the sample con tainer 60 allows one soybeanxat a time to slide down a drop tube 70 and fall upon an impact transducer 80. An acoustical impact signal generated by the transducer 80 is then digitized and routed to a computer (not shown) for analysis. Based on this analysis the quality of the soybean may be evaluated in terms of mass and hard ness. The soybean is deflected by the transducer 80 into a U-channel trough 90, which guides the soybean to a holding bin 100.
The video imaging subsystem 4-0 operates to create a digital image representation of the soybean while it is con?ned in the holding bin 100. The digital image rep resentation of the soybean is then processed so as to enable a determination of quality to be made on the basis of parameters such as lustre, color, shape and roughness. The inventive system 10 is designed such that a user may specify the extent to which each of the acoustical and image parameters mentioned above con tributes to the criteria used in making an overall assess ment of soybean quality. As shown in FIG. 1A , the rejection device 50 routes soybeans to either accepted bean bin 120 or rejected bean bin 130 from the holding chamber 100 in accordance with such a composite qual ity evaluation. As the disk 160 is rotated about an axis A by shaft 175, the cavities de?ned by each of the holes 170 and the portion of the housing 150 underlying the disk 160 will capture a soybean upon passing through the soybeans accumulated in the lower portion of the container 60. If the cavity corresponding to a particular hole 170 hap pens to capture more than a single soybean, gravity will tend to cause all but one to fall out as the cavity rotates to an upper portion of the container 60. In this way rotation of the disk 160 causes each of the holes 170 to periodically become aligned with a similarly dimen sioned aperture 190 de?ned by an upperportion of the housing 150. During each such alignment a single soy bean passes from the container 60 through aperture 190 into the drop tube 70, which is also aligned with the aperture 190. The disk 160 is rotated each time the acoustical and video data acquired for a particular soy bean has been processed in a manner to be discussed below, and remains stationary during the intervening intervals. It has been found that the inventive system 10 is capable of processing at least one soybean per second, between the holding bin 100 and a lens element 260 of the video imaging device 40. The imaging device 40 is designed to create a digital image representation of each soybean entering the holding bin 100 from the trough 90. Such an imaging system could be conventionally realized using an arrangement consisting of a camera, and a frame grabber. Preferably, however, the imaging device 40 will be implemented with an integrated unit similar to, for example, a conventional slide scanner. A slide scanner having suitable resolution is available from RasterOps Corp. of Santa Clara, Calif, as the "Ex presso". The device produces either standard NTSC or PAL video output, and images can be captured by a computer using a frame grabber board. Again, the impact signal generated by the transducer 80 may be monitored to determine the precise time at which a soybean collides with the transducer 80. As is discussed more fully below, the present invention em ploys an object detection scheme to determine when a soybean enters the field of view of lens element 260 upon entering holding bin 100 after being de?ected by the impact transducer 80. The object detection process is repeated until the imaging system 40 is successful in capturing an image of the soybean. Given that soybeans are generally yellow in color, in the presently preferred embodiment of the inventive system 10 the interior surfaces of the holding bin 100 are painted ?at black in order to improve the contrst of the digital image repre sentation.
As is shown in FIG. 3 , a photocell 270 for determin ing soybean lustre (re?ectivity) is mounted on an inte rior surface 272 of the holding bin 100. The photocell 270 will preferably be installed within a Q" diameter tube oriented downward at 45 degrees relative to the bin surface 272. The photocell 270 is disposed to contin uously provide an electrical signal indicative of the amount. of radiant energy from the lighting source 250 re?ected by the holding bin 100 and by any soybeans therein. Soybean re?ectivity is determined by sampling the photocell signal, generally at a sampling rate of less than 1 MHz, during an interval immediately following generation of the impact signal. Between one and three hundred samples will typically be averaged and the result compared with a background photocell signal (i.e., the signal produced by photocell 270 when no soybeans are present within the holding bin 100). The results of this comparison are indicative of soybean re?ectivity, and are stored in the memory of a host computer described below. The photocell 270 can be conventionally realized using, for example, a cadmium sulphide photocell, available from Radio Shack, Inc., in FIG. 6 , impact is deemed to occur at time t1 when the electrical output of the transducer 80 rises to a value of (1 +x)VO, where V0 corresponds to the quiescent transducer output signal and the default value of x is 0.1. The feeder disk 160 is then stopped (step 415) and the impact signal is digitized by the interface card 380 (FIG. 4) at a l_MI-Iz sampling rate (step 420). The initial 1024 samples of the impact signal are then transferred (step 425) from the interface card 380 to the microcom puter. A largest sample value (V max) is then identi?ed, and a group of ten sample values centered about the largest value (e.g., the four samples preceding Vmax cally, an empirical linear equation relating soybean mass to peak impact signal magnitude may be formulated by dropping soybeans of known mass through the drop tube 70 and recording the magnitude of the impact signal corresponding to each.
Again referring to FIG. 6 , it has been found that soybean hardness is related to the spread of the impact signal proximate the peak region. This spread corre sponds to the time (t2-t1) separating the two points at which the impact signal value is equal to (l+x)VO. However, since the spread of the impact signal is corre lated with mass, hardness may not be uniquely deter mined solely on the basis of the time differential t2-t1. Fortunately, it has also been determined that the slope of the impact signal proximate time t; is proportional to hardness and independent of soybean mass. The slope at time t; may be found (step 440) by approximating a The hardness line may also be used to detect ?aws in the internal structure of the soybean. Speci?cally, it has been found that the minimum sum-of-squares error be tween the set of signal values used to calculate the hard ness line and the hardness line itself is larger for soy beans that are broken, shrivelled, or diseased than for healthy soybeans. It follows that a user-de?ned quality determination based on any desired combination of soybean mass, hardness and internal structure may be made on the basis of the time-domain analysis of the impact signal (step 450). For example, all soybeans below a certain mass, or those characterized by a sum of-squares error larger than a predefined threshold, may be classi?ed as unacceptable. The determination of soy bean quality based on such a set of user-de?ned criteria concludes the impact signal analysis routine (step 455).
Digital Image Analysis (FIG. 4) . Again, the photocell 270 is disposed to contin uously provide an electrical signal indicative of the amount of radiant energy from the lighting source 250 re?ected by the holding bin 100 and by any soybeans therein. The interface card 380 samples the photocell signal, generally at a sampling rate of less than 1 MHz, during an interval immediately following generation of the impact signal. Between one and three hundred sam ples will typically be stored (step 505) within the chan nel #1 buffer of the interface card 380. The microcom puter ?nds the average (steps 513 and 514) of these samples and compares (step 515) the result with a back 5,309,374 ground photocell signal (i.e., the signal produced by photocell 270 when no soybeans are present within the holding bin 100). The results of this comparison are indicative of soybean lustre (reflectivity), and will pref erably be stored (steps 516 and 517) within the mi crocomputer to be used in a subsequent evaluation of soybean quality based on the outcome of the remaining portions of the imaging analysis routine.
As is indicated in FIG. 7 (FIG. 7) . If a soybean is not found within the search window W, the search opera tion is repeated until a soybean is located (steps 525, 530, 532 and 534). Once a ?rst pixel point on the edge of the soybean has been located a boundary search operation is com menced (step 560). During the boundary search process a set of pixel locations located on the boundary of the soybean are accumulated (step 565), thereby allowing the shape of the soybean to be determined (FIG. 7, For example, if the most recent edge pixel found is located in direction 4 relative to the previous edge pixel, direction 3 will ?rst be searched in attempting to locate the next edge pixel. In this way the search process "re members" the relative location of the previous edge pixel and thus more ef?ciently tracks the soybean pe rimeter.
The boundary search operation results in the accumu lation (step 570) of a set of pixels which approximate the soybean boundary. The accuracy of the approximation may be increased by reducing the search radius, but such a reduction tends to lengthen the duration of the search process since more boundary points are accumu lated. The process terminates when an edge pixel is found within an area of prede?ned size (e.g., a 4X4 pixel area) relative to the ?rst edge (steps 575 and 580) pixel. Alternatively, the process is aborted (steps 585, 590 and 592) if greater than a maximum number, typi cally on the order of one-thousand, of edge pixels are accumulated without satisfying the termination criteria mentioned above.
Next, the location of the center of the soybean is calculated (step 595) using the accumulated set of boundary pixels. This calculation may be performed, for example, by ?nding a major elliptical axis corre sponding to the line between the most widely separated pixel locations. The location of the soybean center may be approximated by ?nding the midpoint of this line.
FIG. 12 depicts the manner in which the shape and surface texture (roughness) of each soybean may be calculated using the accumulated set of boundary pixels and the location of the center of the soybean. Speci? cally, the boundary de?ned by the accumulated set of edge pixels is divided into three-hundred sixty parts and color of the surface of each soybean may be calcu lated using a pixel-by-pixel comparison and area nor malization. Upon completion of the edge detection rou tine, a display graphics subroutine is called which su perimposes a solid boundary over the set of boundary points. In addition, a calculation box is generated so as to enclose the solid boundary as indicated in FIG. 13 . As is discussed below with reference to FIG. 14, a texture analysis program processes pixels from the upper left corner of the calculation box, proceeding from left to right and from top to bottom (see e.g., steps 620, 625, 635, 655, 660, 665 and 670) . (FIG. 13) , the difference in intensity between each pixel and its neighbor to the right is accu mulated to produce an aggregate texture error (steps 625, 630, 635, 640 and 645) . The texture error is normal ized by dividing the aggregate texture error by the surface area of the soybean, wherein the surface area is determined by counting the number of pixels included within the soybean boundary (FIG. 13) . The normal ized texture error relates to the prevalence of surface defects (e.g., mechanical damage, blemishes, shrivel ling, or wrinkling).
